CHARMONIUM POLARIZATION IN HIGH ENERGY COLLISIONS 

V.A. Saleev 1 * and D.V. Vasin 1 



(1) Samara State University, Samara, Russia 
f E-mail: saleev@ssu.samara.ru 



f"*-. ' Abstract 

o ' 

. We consider charmonium polarization at high-energy hadron collider Tevatron 

in the framework of the nonrelativistic QCD (NRQCD) and the fop-factorization 
Q-i' approach. The polarization effects are studied for the direct and the prompt pro- 

duction channels. The obtained predictions can be used for test of the Regge limit 
of QCD and for test of the NRQCD formalism. 



in 



High-energy factorization 

In the phenomenology of strong interactions at high energy it is needed to describe 



D \ the QCD evolution of gluon distribution functions in colliding particles starting from the 

r^i ' scale /iq, which controls a nonperturbative regime, to the typical scale of hard scattering 



processes \x ~ Mt = y M 2 + |pt| 2 , where Mt is the transverse mass of the produced in a 
hard process particle. In the region of very high energies x = ^= <C 1. This fact leads to 
the big logarithmic contributions ~ (a s log(l/x)) n in the resummation procedure, which 
(Sj . is described by the BFKL [1] evolution equation for an unintegrated gluon distribution 

function <&(x, |k T | 2 ,/i 2 ). 

In the /^-factorization approach [2] hadronic cr(p+p — ► Ti+X) and partonic a(R+R — > 
^ ■ TC + X) cross sections are connected as follows: 

O ' 

da(p + p^H + X,S)= { rf|k 1T | 2 / ^$(x x , |k 1T | 2 , ^) x 

J X\ J J Z7T 

S; x /^/rf|k 2 Tr/^$(x 2 ,|k 2T | 2 , / i 2 )da(i? + J R^H + X,k 1T ,k 2T ), (1) 

where Xi 2 are the fractions of the proton momenta passed on to the gluons, and y?i 2 are 
the angles enclosed between ki j2 r and the transverse momentum p-r of 7i, Ris considered 
as reggeized gluon [3]. In a stage of numerical calculation we use the following unintegrated 
gluon distribution functions |k T | 2 , /i 2 ): JB [4], JS [5] and KMR [6]. 

The collinear and the unintegrated gluon distribution functions are formally related 

as 

xG(x,fi 2 ) ~ J d\k T \ 2 $(x, \k T \ 2 ,fx 2 ). (2) 

This implies that the cross section (1) is normalized approximately for the parton model 
cross section, so that when kiy = k 2 ^ = we recover the usual gluon-gluon result for the 
on-shell gluons. 

NRQCD formalism 

In the framework of the NRQCD approach [7] the heavy quarkonium TC production 
cross section in a partonic process a (a + b — > 7i + X) may be presented as a sum of terms 
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in which the effects of the long and short distances are factorized: 

dcr(n) = J2MQQH)(o H [n}}. (3) 

n 

Here n denotes the set of the color, spin and orbital quantum numbers of the QQ-paiv, 
a(QQ[n\) is the cross section of the QQ-p&ir production with quantum numbers n and with 
the equal 4-momenta. The last one can be calculated using the perturbative approach 
of the QCD as an expansion in small constant of strong interaction a s and using the 
nonrelativistic approximation for the relative motion of the heavy quarks in the QQ- 
pair. The nonperturbative transition of the QQ-p&ir into the final quarkonium 7i is 
described by the long distance matrix element {O n [n}). The relevant intermediate states 
are [n] = [ 3 S?, 3 Sf\ 1 S { ^\ 3 Pf] for H = J/^ and [n\ = fP^^Sf} for H = X cj, 
where J = 0, 1 and 2. 

Charmonium production by reggeized gluons 
In this part we obtain squared amplitudes for the charmonium production via the 
fusion of two reggeized gluons in the framework of the NRQCD. We consider the leading 
order (LO) in a s and v contributions of the following partonic subprocesses: 

R + R^H?S?\ 1 S<*\*P?,*P?], (4) 

R + R -> H[ 3 S?] + g, (5) 

The analysis of the next to leading order (NLO) contribution in the processes of the 
reggeized gluon-gluon production of the quarkonia in the /c T -factorization approach is 
outside the presented paper and it needs a special investigation. 

In the case of unpolarized heavy quarkonium production the squared amplitudes for 
the different S'-wave and P-wave intermediate states in the fusion of two reggeized gluons 
nave been presented recently in our papers [8]. 

Polarization formalism 

In hadronic center-of-mass (CM) reference frame we can define [9, 10] the longitudinal 
polarization 4-vector for spin-one boson ( 3 5'i, 3 Pi) by a covariant way: 

/(PQ) 2 - M 2 S 



where Q = P1 + P2, S = Q 2 , Pi,2 are colliding hadron 4-momenta. The polarization tensor 
can be presented as follows: 

P r = £ ^(A)^(A) = -<T + (7) 

|A|=0,1 1V1 

V» v = e^(0)e u (0) = Z»Z U , (8) 
V{ v = £ e*' i {X)e v (X) = V» v - (9) 

|A|=1 

In the spin-two case ( 3 P2) the polarization tensor V^ pa reads [11]: 

v »v P o = l( 2 p^ - P^)(2P pCT - VD, (10) 
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pvpc = 1 (pWpv* + p/^p-P + p-PpM* + ; ( U ) 

P^pa = 1 (pwpvo + pM^P _ f>g"pp°) • (12) 
As usual, the spin asymmetry parameter is defined as follows 

where o^t = o"o,i = "j~~(P + J 9 "~ * ■J/^ j l,tX) For the polarized J/^ or ^' production via 
direct channel we can write [12]: 



= cr. 



o 



3 v u y 3 

±a J W ?P[*>) + -a J/ ^'( 3 P 2 (8) ) + V^'t^f) 
2 3 2 

As it can be shown [9] for the prompt polarized J /if) production one has: 

prompt _ J/ip , Xc^J/i> _,_ _il>'->J/il> _| i>'^Xc^J/i> f-. A \ 
<J L — <J L -f- <7 L -h <J L -f- <J L 

= [^ XC °( 3 n (1) ) + ^0 XCH ( 3 ^ 8) )]5r( Xc - J/V + 7) + 

+ ^[^ Xcl ( 3 A (1) ) + ^o Xcl ( 3 ^! 8) ) + \vr( 3 S{ 8) )]Br(xci - J/1> + 7) + 

^W/* = ^ w + x) (15) 

+{\°t + \4)BrW -> X cl )5r( Xcl - J/^ + 7 ) + 
+ + - Xc2)Br{ Xc2 -> J/V» + 7 ) 

Charmonium production at Tevatron 

We performed fit Tevatron data [13, 14] and obtained sets of nonperturbative matrix 
elements (NMEs) (see Table 1) [15]. Using these values we calculated parameter a(pr) 
in cases of different production mechanisms. The results for prompt J/tp and direct ip' 
are shown in the Fig. la and Fig. lb in compare with Tevatron data [16]. Last one was 
investigated in the collinear parton mode too [17, 18]. We see that none of these studies 
were able to prove or disprove the NRQCD factorization hypothesis. 
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Figure la. Polarization parameter a(pr) for prompt J ftp production. Curve 1 — the direct 
production channel, 2 — J/tp from \c —* decays, 3 — J/ip from ip' — > J/ip decays, 4 - 

J/tp from ip' — > Xc — ► •//V' decays, 5 — the sum of (l)-(4) terms , 6 — the CSM prediction. 
Figure lb. Polarization parameter a{pr) for direct ip' meson production. Curve 1 — the CSM 
prediction, 2 — the color-octet mechanism prediction, 3 — the direct production channel. 



Conclusions 

We have obtained analytical formulas for the squared amplitudes of the processes 
R + R — > 8] and R + R — > TC[1] + g, where TC may be in the polarized state. Using 
new set of the color-octet NMEs we have predicted ol(pt) f° r direct ip' and prompt J/ip. 
Our predictions are coincide with the collinear parton model calculations rather than with 
previous /^-factorization results [19]. 
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Table 1: NMEs for J/ip, ip', and Xcj mesons from fits in the collinear parton model (PM) 
and in the A; T -factiorization approach using the JB [4], JS [5], and KMR [6] unintegrated 
gluon distribution functions. The CDF prompt data from run I [13] and run II [14] have 
been excluded from our fit based on the JB gluon density, if these data have been included 
the x 2 /d.o.f becomes greater then 20. 



n / n 


PM [18] 


Fit JB 


Fit JS 


Fit KMR 


; tt-t 


1.3 


1.3 


1.3 


1.3 


(0W[3£f)])/GeV 3 


4.4 x 10~ 3 


1.5 x 10~ 3 


6.1 x 10- 3 


2.7 x 10- 3 


IqJ/^S^}) /GeV 3 


4.3 x 10~ 2 


6.6 x 10~ 3 


9.0 x 10~ 3 


1.4 x 10 -2 


(O^[ 3 P (8) ]>/GeV 5 


2.8 x 10~ 2 











(0^'[ 3 S[ l) ])/GeV 3 


6.5 x 10" 1 


6.5 x lO" 1 


6.5 x 10" 1 


6.5 x 10" 1 


(C^'[ 3 ^ 8) ])/GeV 3 


4.2 x 10~ 3 


3.0 x 10~ 4 


1.5 x 10- 3 


8.3 x 10~ 4 




6.9 x 10~ 3 











(C^'[ 3 P (8) ])/GeV 5 


3.9 x 10~ 3 











(C^°[ 3 P (1) ])/GeV 5 
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8.9 x lO" 2 


8.9 x lO- 2 


8.9 x 10-2 


(O^ [ 3 si 8) })/GeV 3 
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4.7 x 10~ 5 


x 2 /d.o.f 




2.2 


4.1 


3.0 
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